A new study presents a quantitative biophysical model of microtubule aster growth with autocatalytic microtubule nucleation. The model accounts for asters that grow indefinitely, even when their microtubules are unstable.
Cells use microtubule asters to spatially organize their cytoplasm. In the textbook view, asters grow using microtubule nucleation at the centrosomes, where the minus ends of microtubules are anchored and the plus ends grow outward. Microtubules within asters undergo dynamic instability, alternating between polymerization and depolymerization phases [1] . Therefore, according to the standard model, the average length and dynamics of a microtubule set the size and dynamics of asters [2, 3] . This model, however, is inconsistent with the observation of minus ends away from the centrosomes, and the constant density of microtubules throughout large asters, and it fails to account for the large number of growing plus ends found in large asters [4] [5] [6] . These observations are consistent with the hypothesis that microtubules in asters may also nucleate throughout the structure [5, 7, 8] , but a quantitative understanding of aster growth has been lacking. A new study in eLife by Ishihara, Korolev and Mitchison provides a quantitative biophysical model to describe how the collective behavior of microtubules gives rise to the formation of asters [9] .
In the standard model, aster size and dynamics are governed by the dynamics of individual microtubules. If microtubules grow on average -that is if the average increase in microtubule length during a polymerization phase is larger than the decrease in microtubule length during a depolymerization phase -the aster will expand indefinitely. In the opposite scenario -when microtubules depolymerize on average -the aster will have a finite size, and the microtubules that continuously disappear are compensated by the nucleation of new microtubules at the centrosomes. What is the collective behavior of microtubules when microtubules are nucleated from other microtubules? Using a two-state model description of microtubule dynamics, where microtubules alternate between growing and shrinking phases, with autocatalytic growth from the plus ends of microtubules, Ishihara et al. elegantly solved the dynamics of aster growth and found a condition for aster growth even when individual microtubules are unstable ( Figure 1A ) [9] . This condition is very intuitive: for the aster to keep growing, a microtubule needs to nucleate at least one new microtubule before it depolymerizes completely. That is, the critical rate of microtubule nucleation must be at least equal to the rate of microtubule disappearance (which is the inverse of the lifetime of a microtubule). More remarkably, the authors found that the transition from a stationary aster (zero front velocity) to growing aster (positive front velocity) is discontinuous, meaning that the velocity of aster growth does not become infinitesimally small at the growth transition, but rather jumps to finite value that the authors call 'gap velocity'.
What is the origin of the gap velocity? To gain some intuition, consider a simplified scenario in which microtubules grow in the absence of rescues and instantaneously disappear after a catastrophe event -which in the standard model would correspond to a stationary aster, as microtubules are unstable ( Figure 1B ). The first thing to realize is that, if the nucleation of new microtubules occurred only at the minus ends of other microtubules, the aster would not grow, as microtubules would simply be substituted by new ones at the same location until the microtubule density saturated. Thus, nucleating new microtubules from the polymer or the plus ends is essential for a growing aster in the case where microtubules are unstable. Consider now microtubules that nucleate from the plus ends of other microtubules. A microtubule plus end on average will travel the average length of a microtubule from the location it was created. Above the critical nucleation rate, this microtubule plus end nucleates a daughter microtubule some time along its trajectory before disappearing. Importantly, the new plus end, which grows together with the mother plus end, will start growing from a position that is further away from the mother minus end ( Figure 1B) . Therefore, the average position at which this new plus end disappears -corresponding to the average microtubule length -is further away from the position the mother plus end disappears ( Figure 1B) , and the front advances with the daughter microtubule. Similarly, the new microtubule that nucleates from the daughter microtubule will carry the front further, and the aster perpetually grows at the growth velocity of a microtubule ( Figure 1B) . The essence of the aster growth is the nucleation of a microtubule further away from the location where the previous microtubule was nucleated, and the gap velocity arises because the front is carried forward by the microtubules that are in the polymerizing phase. This process therefore holds true also when microtubules nucleate from the polymer and in the presence of rescues.
The existence of a gap velocity is a remarkable prediction of the collective growth of microtubules that can be tested beyond the particular value of the aster velocity, as the discontinuous transition is parameter independent -a growing aster should convert into a small stationary one by tuning polymerization dynamics or nucleation using biochemical perturbations, and this transition should be accompanied by a jump in the aster growth from a finite value to zero. Ishihara et al. tested this prediction in the Xenopus laevis egg extract. Consistent with theory, the transition from indefinite aster growth to finite-sized asters is discontinuous, proving the existence of a gap velocity. The experimental observation of the gap velocity is consistent with the model of collective growth, and is also a stringent condition to other possible models of aster growth. For example, typical reaction diffusion with birth and death models can lead to waves [5, 10, 11] , but the transition to a growing front is continuous. What makes these models different from the collective growth model is the explicit consideration of the microtubule dynamics coupled to autocatalytic growth, as the gap velocity is a consequence of the finite length of microtubules.
The model of collective growth has very interesting consequences in the context of cells. The existence of a gap velocity allows a switch-like behavior of fast aster growth by slightly changing microtubule dynamics or nucleation. As a consequence of the decoupling between microtubule dynamics and aster growth ( Figure 1A) , cells can tune the microtubule density in the asters independently of aster growth. It is not unreasonable to expect that to specify the cleavage furrow robustly in large cells, a high density of microtubules is required at the periphery of the cells [12] . Similarly, modifying the density of microtubules could allow tuning the mechanical properties of asters. Finally, as opposed to the classical model for aster growth where the periphery of an aster is connected to the centrosome, in the model of collective growth a transient initial trigger of microtubule nucleation in the centrosome is sufficient to initiate an explosive aster growth made of unstable microtubules that propagates to arbitrarily large scales. The aster front will grow without the need of keeping the initial nucleating center or maintaining microtubules throughout the whole structure, and the components that make up the aster can be recycled right away to (A) Asters grow according to the classic model where only centrosomes nucleate microtubules, two asters on the left. In this scenario, the aster is stationary (front velocity V = 0) if microtubules are on average depolymerizing, lower left. Asters will grow indefinitely if microtubules polymerize on average (upper left, V>0). In the presence of microtubule-mediated nucleation, the asters can grow by the collective behavior of microtubules. Above a critical nucleation rate, asters grow (V > 0) even if microtubule growth is negative and microtubules are unstable (lower right). In growing asters, microtubule density can be tuned independently of front growth. (B) Origin of the gap velocity for microtubules that have no rescues and disappear after a catastrophe event. Above the critical nucleation rate, a growing microtubule (green cap represents the growing plus end), which polymerizes at v p , generates a daughter microtubule further away from its minus end (short microtubule), before disappearing at a characteristic time and length corresponding to the average microtubule lifetime and length (t m and l m ). After the mother microtubule disappears (dashed microtubule represents a catastrophe event), the daughter microtubule continues growing and generates a new microtubule before disappearing. The front travels at the polymerization velocity of a microtubule and is carried forward by the growing microtubules.
extend the front further. When necessary, for instance, upon entry in mitosis, asters can be rapidly disassembled.
The concept of collective growth resonates very well with the assembly of meiotic spindles, where the size of the structure is larger than the individual microtubules. Similar to asters, spindles are made of unstable microtubules, and nucleation throughout the structure is necessary to account for their size [13] [14] [15] [16] [17] [18] . The theory of aster growth, however, has mainly two regimes: a bounded structure with the size of a microtubule, and an unbounded expanding structure. The spindle lies somewhere in between -it is a bounded structure, yet its size is not determined solely by microtubule length. One intriguing and fundamental question is, therefore, how to apply the concept of collective microtubule growth to build a quantitative theory that predicts the size of bounded structures that are larger than their components, such as spindles, and that explains how to tune the size of these structures without growing unbound [6, 19, 20] .
